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3.0 TEST AREA AND SETUP

The tests described in this report were made in two different test
areas. One area was unshielded requiring the instrumentation to be housed
in a shielded cage. The other area was completely shielded with the instru-
mentation outside the shielded area, The instrumentation noise level of the

two testing techniques was similar because in either case the measuring sys-
tem shielding is similar, The measurement system and its shielding is shown
in Figure 1 and Figure 2, For conductor-to-conduit teats the measuring im-
pedance was 75 ohms; for conductor-to-conductor tests the measuring impedance
between conductors was 100 ohms. |

3.1 Injected Current Tests

For these tests the current generator was directly comnected to the con-
duit configuration under tests and the pulse current wes forced to flow on
the conduit to ground., The generator-to-conduilt connection was made by
several pieces of braid fastened more or less uniformly around the conduit
to equalize the current distribution around the conduit at the point of In-
Jection. At the ground end of tlws conduit, a metal connection box was in-
serted for ease in changing conductor comnections. The conduit was grounded
in an area several inches above the connection box by several pieces of
braid connected to a metal ground plane (for some tests copper; for others
aluminum) which was in turn connected to the building counterpoise system.
The metal ground plane covered the complete test area., The various conduit
configurations used to the injected current tests are shown in Figures 3
and 7. Figure 7 is described later ‘n the report.

3,2 H-field Tests

For these tests a conduit loop was placed in an H-field environment
causing an induced current to flow on the conduit. The resultant induced
voltage developed on conductors inside the conduit was measured, The test
gsetup 1s shown in Figure 4.

_—
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The actual H-ficld inside and outside the radiating loop was measured
by means of an H-field transducer, The transducer and its connecting cir-
cuitry are shewn in Figure 5.
3.3 Current Wave Shapes

3.3.1 Pulse Current
In all tests where the pulse current was supplied by the pulse current

generator, an eappiied pulse currert wave having rise times between 0.9 and

1.3 microseconds and tail times between 30 and 35 psec was used. The cur-
rent wave measuremernt was made with a 0.036 ohm shunt in series with the
conduit and all other grounds removed. Typical cscillograms are shown in
Figure 6. The current throughout the tests was monitored by means of a
current transformer.
3.3.2 Quasi-Unit Function

These current waves were generated by comnecting a 1l2-volt battery
through a suitable series resistance to the conduit under test. Typical

oscillograms depicting the waves used are shown in tke Appendix of this

‘report.

4.0 INJECTED CURRENT TESTS

4.1 Effect of Conductor Locabion

The effect of comductor location on the conductor-to-conduit induced
voltage was evaluated early in the testing program. For this test an L~
shaped test setup was erecled as shwn in Figure 7. Also in Figure 7 is |
shown the position of %le corductors being measured, cne conductor (light [
green) being placed rex’ 4o the corduit wall and the cther (red) centered
by insulating spacers throughout the conduit lergth, Both conductors were
electrically connected to the conduit at the gererator end., At the measure-
ment end the measuremert system was terminated in 76 ohms., The measured
conductor-to-conduit induced voitages for these widely separated conductors 5 i

is shown in Figure 8 ard itabulated in Table 1,

_— . 2 B .
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TABLE 1

EFFECT OF CONDUCTOR LOCATION ON CONDUCTOR-TO~CONDUI'l INDUCED VOLTAGES
Applied Pulse Current -~ 1755 amperes

First Peak Second Peak Third Peak
Conductor Ampl., Time Ampl.. Time Ampl. Time
Light Green (at wall) 5,L0 MV 0.5 us 40 MV 300 us 30 MV 3500 ps
Red (at center) 730 MV 0.5 us 40 MV 300 us 30 MV 3500 ps

The data clearly shows that the conductor at the center of the conduit
develops the higher initial crest (first peak) voltage but the inereaase is
only 1.3 times the conductor-to-conduit voltage of the conductor adjacent
to the wall. This is probably due to the very non-uniform peripherai cur-
rent distribution at the condulet cornmer. Due to this relatively amall
change in induced voltage with respect to conductor location, experiments
using randomly located conductors will result in valid data, It should be
noted that two cther voltage peaks occur, one at 300 psec and one at 3500
psec. The Iinduced voltage at 3500 psec is a result of the IR voltage drop
from one end of the conduit to the other and the phenomenon which causes
this voltage is explained in the Appendix. The second induced voltage peak
is probably the IR induced voltage due to the condulet material which is
cast or malleable iron and has a lower permeability than the ateel conduit.
Also another factor which may influence this peak is the thickness of con-
dulet cover,

4.2 Effects of Changing Relative Permeability of Conduilt Due to
Repetitive Applications of a Unidirectional Pulse Current

In dealing with permeable materials, evaluations muat necessarily take
into consideration the fact that the relative permeability may change with
application of unidirectional pulse currents. This is known as the satura-
tion effect., To determine whether, in fact, a saturation effect would take
place, the same 40 foot length of conduit as described in 4.1 and shown in
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Figure 7 was used. Measurements of the induced voltage between the light
green conductor and conduit were made at the measurement end of the conduit.
At the generator end the conductor was electrically connected to the con-
duit. The wave shapes are shown in Figure 9 and the results tabulated in
Table 2.

TABLE 2

EFFECT OF CONDUIT SATURATION ON THE CONDUCTOR-TO-CONDUIT
INDUCED VOLTAGE IN TWO INCH RIGID STEEL CONDUIT

Applied Pulse Current - 1755 amperes

IR Peak Induced Voltage

Number of Applied

Waves and Polarity Amplitude Time
20 Negative 22.5 MV 3500 us
1 Positive 5.0 MV 3500 us
Positive 15,0 MV 3500 us
10 Positive 28.0 MV 3500 ps
20 Positive 32.0 MV 3500 us
50 Positive 33.0 MV 3500 us

The IR induced voltage amplitude increases with increasing numbers of
applied unidirectional waves until saturation 1s reached, Between the first
positive applied wave and the twentieth which is considered to be the satu-
rated condition, an induced voltage change of about 6:1 occurred. Therefore,
to avold the comparison of data from material at different degrees of satura-
tion, all data taken throughout the series of tests reported in this report
are values with the material in the saturated condition.

Upon closer inspection of the wave shapes, it can be seen that the
second peak occurring at about 300 psec experiences a similar amplitude
change. This second peak has been attributed to the condulet material.
Substantiating evidence is given later in the report.
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4.3 Effect of Conductor Terminating Impedance on
Conductor-to-Conduit Induced Voltages

The tests described in 4.l were repeated with the light green and red

conductors in the same position except that the measurement terminating im~
’ pedance was reduced from 76 and 75 ohms to 1.5 ohms, The results were quite
interesting and are shown in Figure 10 and a comparison tabulation is given

in Table 3. (The 75 chms wave shapes are not shown in Figure 10,)
TABLE 3
EFFECT OF CONDUCTOR TERMINATING IMPEDANCE
Conductor-to-Conduit Induced Voltages
Applied Pulse Current - 1755 amperes
Additional
Cable First Peak Peak Second Peak Third Peak
Conductor Term. Ampl. Time Ampl, Time Ampl, Time Ampl. Time
Lt. green 176 ohms 540 MV 0,5 us LO0MV 300 us 30 MV 3500 us
Lt. green 75 ohms 480 MV 0.5 us 40 MV 300 pus 33 MV 3500 us-
: Lt. green 1.5 chms <55 MV 0,3 us 145 MV 10 us 27 MV 400 us 22 MV 3500 ps
,‘ Red 76 ohms 730 MV 0.5 ps LJOMV 300 us 30 MV 3500 ps.
Red 1.5 ohms =100 MV 0,3 us 150 MV 10 us 27 MV 400 us 22 MV 3500 us

Immediately apparent is the initial crest voltage of opposite polarity
when the measuring system terminating impedance is a low resistance,
analyze the initial crest voltages for the 75 and 1.5 ohm terminations as

| shown in Figure 11, we find that the difference voltage is initially about

the same magnitude but of opposite polarity,

If we

This infers that for the low

impedance termination there is an initial flow of current in the conductor
In the opposite direction from that when the higher impedance termineation
This is probably due to the fact that the conduit ground at the
measurement end assumes a transient impedance which is substantially higher
than 1.5 ohms.

is used.

- e . Y .
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It should be also noted that the IR peak voltage occurring at 3500 usec
in the 75 ohm tests also occurred at the same time in the 1,5 ohm tests, but
was samewhat lower in magnitude. This indicates that the current on the con-
ductor is higher at the longer times when the conductor is terminated in 1.5
chms. For the 1,5 ohm tests, however, an additional peak voltage was mea-
sured at 10 ps on both the wall and center conductors which in effect made
the second peak move to a slightly longer time and resulted in a lower mea-
sured voltage. '

It is apparent then that the induced conductor-to-conduit voltages mea-
sured are influenced somewhat by the effective measuring system terminating
impedance. However, the 75 ohm measuring system results are worst case and
can safely be used for design purposes.

4.4 Conductor~te~Conductor Induced Voltages from
Twisted Pair and Parallel Pair Conductors

For these measurements the test setup was again as described in 4.1,
except that a parallel pair of wires were pulled through the conduit as
well as a twisted pair of conductors, Their relative positions are shown
in Figure 7, Measurements were made with both the twisted pair and paral-
lel pair wires connected together and to the conduit at the generator end.
The measuring impedance between conductors was 100 ohms. The wave shapes
are shown in Figure 12 and the pertinent data is tabulated in Table 4.

TABLE 4

CONDUCTOR~TO--CONDUCTOR INDUCED VOLTAGE
ON PARALLEL AND TWISTED WIRE FAIRS
Applied Pulse Current ~ 1755 amperes

First Peak

Conductors Amplitude Time
Parallel pair 170 MV 0.3 us
Twisted pair 30 MV 0.3 us

M_W—M—A_—‘:‘L—“ a0 E — sl
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It should be noted that the conductor-to-conductor, unlike the conductor-.

to-conduit, case exhibits only an initial crest voltage of short time duration.
The voltage measured for the twisted pair is less than that measured for the
parallel pair. This is what might be expected because the parallel pair, even
though taped together at one foot intervals, are not necessarily always adja-
cent to each other and thus the leakage camponent of the wave would not be
equal on each conductor and thus a small difference voltage would develop.

In the case of twisted pairs the voltage cancellation phenomenon is well
known,

The long time IR voltage has nothing to do with the changing initial
flux phenomenon. At times long after the current wave has reduced to zero,
the IR voltage on each conductor of the pair 1s essentially equal resulting
in no difference in voltage between conductors in a pair.

4.5 Effect of Openings in Conduit

In any conduit system utilizing condulets, it is possible to inadver-
tently leave off one or several condulet covers. To determine the shielding
degradation caused by removal of condulet covers, a test simulating this
condition was made, The test setup was again the L-shaped configuration
shown in Figure 7, which contained three condulets. Both the red and light
green conductors were used and were electrically comnected to the conduit
at the generator end., The wave shapes showing the effect of removing one,
two, and three covers is shown in Figure 13 and ‘tabulated in Table 5.
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TABLE 5

CONDUCTOR~TO-CONDUIT AND CONDUCTOR TO CONDUCTOR INDUCED VOLTAGE
SHOWING EFFECT OF OPENINGS IN CONDUIT SYSTEM

Applied Pulse Current - 1755 amperes

Test First Peak Induced Voltages
Condition Lt. green to conduit Red to conduit Lt. green to red
All condulet covers 580 MV 800 MV 0.23 V
in place
Generator end con- -2.1, 1.1V -1.1, 41,5V 2.1V
dulet cover off
Measurement end 3.4V 4.3V 825 V
condalet cover off
Corner condulet 11,0V 18.5V 6.5V
cover off
Corner and measure- 15,9V 21,0V 5,25V
ment end condulet
cover off

An opening in a conduit system such as a condulet cover removed will,
in general, only effect the flux leakage induced voltage. This first peak
voltege induced on the conductors will :depend to a large extent on the wire
position as it goes by the opening. .

Analyzing the data, it appears that the largest induced voltage for a
single condulet cover removed resulted when the corner or 90° condulet cover
was taken off, This 1lndicates an additional effect is taking place and for
want of a better term will be called a corner effect.

It is interesting to note that the measured conductor-to-conductor vol-
tages are, in general, equal to the difference between the individual mea-
sured conductor-to-conduit voltages for each of the various cover conditions.
The exception was the case where the cover was removed at the generator end.

4.6 Conductor-to-Conduit Induced Voltages Comparing Couplings,
Bends, and Condulets in Two Inch Conduit System

The L-shaped configuration used in test experiments described in

A
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Sections 4.1 through 4.5 always had condulets in the conduit system snd it
was suspected that condulets obscured other effects which may be of interest.
Therefore, a series of tests was made using the conduit systems shown in
Figure 3; namely, 1) a conduit system with couplings only, 2) a conduit sys-
tem with couplings and a 90° elbow, and 3) a condult system with couplings
and two 90° elbows. A single conductor was randomly placed within the con-
duit and electrically connected to the conduit at the generator end. All
Joints were clean and threaded. The wave shapes are shown in Figure 14 and
the results tabulated in Table 6.

TABLE 6

CONDUCTOR~-TO~-CONDUIT INDUCED VOLTAGES
COMPARING THE EFFECT OF BENDS AND COUPLINGS

Applied Pulse Current -~ 1755 amperes

First Peak Second Peak
Test Setup Amplitude Time Amplitude Time
Couplings only 22,5 W 0.5 us 22.5 MV 3500 us
Couplings and one 90° elbow 60 MY 0.4 us 22.5 MV 3500 us
Couplings and two 90° elbows 95 MV 0.5 us 25 MV 3500 us

When adding a bend to straight run conduit aystems, it is necessary to
add an additional coupling to install the bend. Therefore, it is difficult
to make a direct comparison between bends and couplings, Making the compari-
gon with this in mind, the addition of one bend to a straight run conduit
system increased the initial peak induced voltage by 2.7 times, The addition
of two bends increased the induced voltage about 4.2 times,

It should be noted that the measured wave shape for the straight run
conduit containing no condulets exhibited only an initial peak occurring in
less than 1 psecond and a long time peak at 3500 puseconds. The intermediate
peak occurring at 300 puseconds measured in the conduilt system with condulets
wng not present. The different permeability of the condulet material accounts
for this additional peak.
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An interesting comparison can be made by noting the induced voltages
measured for the conduit system containing a 90° condulet (Table 3) and the
conduit system containing one 90° elbow. Even though the two conduit systems
were slightly different, that is 6 threaded Joints versus 8 threaded joints,
this would not account for the larger difference in first peak voltage mea-
sured. The results are tabulated in Table 7.

TABLE 7

CONDUCTOR~-TO-CONDUIT INDUCED VOLTAGES IN TWO INCH RIGID STEEL CONDUIT
SYSTEM SHOWING DIFFERENCE BETWEEN ONE 90° CONDULET AND ONE 90° ELBOW

Applied Pulse Current -~ 1755 amperes

First Peak Condulet IR Peak Conduit IR Peak

Teat Setup Amplitude Time A_E‘plitude Time Amplitude Time
40! conduit

system with 480 MV 0.5 us 40 MV 300 us 33 MV 3500 us
90° condulet

30" conduit

system with 60 MV 0.5 us 22.5 M7 3500 us
90° elbow

Note that the conductor-to-conduit long time IR peak induced voltage is
higher for the 40 foot conduit run, as it should be, since the resistance of
this conduit run is higher.

4.7 Effect of Loose Joints on the Conductor-to-Conduit
Induced Voltages in a Two Inch Conduit System

For these tests the two inch conduit system contalning the two 90° el-
bows as used in Section 4.6 was assembled so that one coupling joint was
loosely connected by only a few threads, The remainder of the condult sys-
tem was tightly threaded. The resulting wave shapes are shown in Figure 15
and the results tabulated in Table 8.

e M mm A e ems e
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TABLE 8

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES IN TWO INCH
CONDUIT SYSTEM SHOWING THE EFFECT OF A LOOSE JOINT

Applied Pulse Current - 1755 amperes

First Peak
Test Setup Amplitude Time
1. 30 Foot conduit run and two 90° elbows 95 MV 0.5 us
2, Same as one, except one loose Jjoint 32V 0.4 us

The data shows that a conductor-to-conduit induced voltage increase of
over 300 times can occur when a condult system contains a very loose joint.
The magnitude of the voltage measured with a loose Jjoint becomes a signifi-
cant amount of the rated voltage for a 120 or 480 volt system, to say nothing
of low level control circuits, This test clearly points out the importance
of tightly made Jjoints. -

4.8 Effect of Pulse Current Amplitude on the Conductor-to-Conduit Voltages
in a Two Inch Rigid Steel Conduit Having Only Threaded Couplings

Extrapolation of the data to larger currents 1s a neceasity since the
test facilities used were not cepable of producing larger currents, There~-
fore, to determine the relationship between applied pulse current and in-
duced voltage measured on conductors within a condult system, the 30 foot
gstraight conduit run was pulsed at 600 and 1200 amperes in addition to the
1755 amperes which was previously used for tests described in Section 4.6.
The wave shapes are shown in Figure 16 and the results tabulated in Table 9.

TABLE 9

CONDUCTOR~TO~-CONDUIT INDUCED VOLTAGES IN TWO INCH RIGID STEEL
CONDUIT AS INFLUENCED BY INJECTED PULSE CURRENT MAGNITUDE

Applied Current First Peak IR Peak
(amperes) Amplitude Time Amplitude Time
600 7.5 MV < 1ps 8.5 MV 3500 us
1200 15,0 MV <1 upus 17.0 MV 3500 us
1755 22.5 MV < 1 us 22,5 MV 3500 us
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The data indicates for a fixed current wave shape that a linear rela-
tionship exists for the first peak (leakage flux) for this conduit system
containing only couplings. The linearity of the second peak is, of course,
expected since this voltage peak 1s directly proportional to the current.

4.9 Effect of Threaded or Welded Joints on the Conductor~
to-Conduit Voltages in Two Inch Rigid Steel Conduit

For these tests a different 30 foot straight conduit system containing
only couplings was set up in the test area. First, conductor-to-conduit
voltages were measured with all joints threaded. Then the joints were com-
Pleiely welded around the circumference of the conduit. The conductor
within the condult was a #20 flamenol insulated wire electrically connected
to the conduit at the generator end. The measured wave shapes are shown in
Figure 17 and the results are tabulated in Table 10,

TABLE 10

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES MEASURED IN A TWO INCH
CONDUIT SYSTEM CCMPARING THREADED VERSUS WELDED JOINTS

First Peak Second Peak
Test Setug _ Ampli’tude Time Ampli’tude T1ime
Threaded joints 68 MV 0,5 us 16 MV 3500 ps
Welded joints 8.5 MV 0.6 us 19 MV 3500 {13

Notice that the first peak induced voltage measured for this threaded
Joint conduilt system is approximately three times higher than that for a
gimilar 30 foot threaded conduit system measured earlier (Table 6). This
may indicate the normal variation in flux leakage voltage which could be
measured in threaded conduit systems., Welding the joints reduced vhe flux
leakage (first peak) induced voltage eight times or approximately 18 dB.
It 1s interesting to note, however, that welding of this 30 foot conduit
run resulted in only an 8.5 dB improvement in shielding effectiveness when
compared to the previously tested threaded conduit run, thus indicating
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some variability in tightness of the unwelded threaded joints.

The small difference in IR induced voltege 1s probably due, in part, to
the difference in conduit resistance. For the threaded conduit, the resis-
tance was 0,00182 ohms; for the welded conduit the resistance was 0.00176
ohms.

4.10 Effect of Conduit Wall Thickness on the
Conductor-to-Conduit Induced Voltage

For these tests a l-inch rigid steel, 30 foot straight conduit run hav-
ing only welded Joints was used, The test setup was similar to the 30 foot
straight welded conduit run described in Section 4.9 except for conduit
thickness., The resulting wave shapes are shown in Figure 18 and the perti-
nent data are tabulated in Teble 11. The applied pulse current in the case
of the two tests was slightly different, Therefore, the data given in Table
11 has been normalized for the current amplitude used in two inch rigid
steel conduit tests,

TABLE 11

CONDUCTOR-TO-CONDUIT INDUCED VOLTAGES
COMPARING EFFECT OF CONDUIT WALL THICKNESS

Applied Pulse Current - 1755 amperes

First Peak Second Peak
Amplitude Time Amplitude Time
One inch rigid steel conduit 8.1 MV 0.7 us 39.4 MV 3500 us
(measured wall thickness -
0,1207")
Two inch rigid steel conduit 8.5 MV 0.7 us 19 MV 3050 us
(measured wall thickness -
0.1335")

The data points out that the conduit wall thickmess essentially influ-
ences the long time IR induced voltage peak and does not influence the flux
leakage voltage peak or its wave shape. As shown in the Appendix, the time
for current to diffuse through the conduit wall is a function of the
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thickness squared. Assuming the resistivity and permeability of both con-
duits to be the same, the ratio of squared wall thicknesses should equel the
ratio of the measured current diffusion times, The calculation as follows
shows a reasonable check:
Let 2 and 2) represent the wall thickness of 2" rigid and 1" rigid con-
duit, respectively, then

(2)? _ .o7e

1.22
(Z]_ ) 2 +Ol4%

and let T and Ty represent the diffusion times of the 2" and 1" rigid
conduit, respectively, then

T4 3050

The measured difference in the IR induced voltage is a function of both
resistance and current, The IR ratio of Lecth conduits should equal the ratio
of the measured voltages. The resistance of the two inch rigid welded con-
duit measured 0,00176 ohms and resistance for the one inch rigid welded con-
duit measured 0.00355 ohms. Therefore,

(o inch) _ 1755 x 0.00176

IR(l inch) 1660 X 0.00355
The ratio of the measured IR voltage peaks checks reasonably close, being
0.485'

4.11 Induced Voltages on Conductors within Two Inch
Rigid Conduit Comparing Wrought Iron and Steel

Wrought iron conduit with its reported good corrosion resistance queli-

0.523

ties may be considered for mechanical protection of buried electrical cir-
cuits. Therefcre, an electrical shielding evaluation of inis material for
comparative purposes with steel was made.

The evaluation was made by the injected current method using the test
setup shown in Figure 3a. A twisted pair of #20 flamenol insulated wires
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was inserted in the total 30 foot length of 2~inch diameter conduit., The
twisted pair was electrically connected to the conduit at the generetor end
for all tests.

The induced voltages measured on conductors in wrought iron are shown
in Figure 19, For comparison induced voltages measured previously in 2-inch
rigid steel conduit are shown also in Figure 19, It will be noted that the
current pulse peak value used in the steel conduit tests was higher than
that used for the wrought iron test. The current pulse wave shape, however,
was approximately the same. Therefore, these voltages are approximately a
linear function of the peak current, Normalizing the voltages measured to
the pulse current value used for the wrought iron tests results in the com=-
parison shown in Table 12.

TABLE 12

COMPARISON OF INDUCED CONDUCTOR VOLTAGES
IN TWO INCH RIGID STEEL AND WROUGHT IRON CONDUIT

Applied Peak Current Pulse ~ 1420 amperes
First Peak Second Peak (IR) Peak
Amplitude _Time Amplitude _Time Amplitude _Time

Wrought Iron
c-C < 6 MV* 1,05 us < 2 MV 22,5 us None
C -G 52 MV 1.3 us 68 MV 27 us 38 MV 1200 us
Steel (rigid)
c-0C. < 1l,6 MV% 0,5 us None None
C-G 54 MV 0.5 us None 13 MV 3500 us

# Egssentially the noise level of the measuring system
C = C denotes conductor-to-conductor measurement
C - G denotes conductor-to=-conduit measurement

As can be noted fram the above table, the conductor-to-conduit induced
voltage for wrought iron exhibits two flux leakage peaks nearly similar in
nagnitude but occurring at different times. The first occurs at 1.3 usec
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which was the approximate time to crest of the applied current wave, The
induced voltage on the conductor in the steel conduit also exhibited this
characteristic, The second peak occurring at 27 psec, however, was not ex-
hibited by the cc¢ iuctor in the steel conduit and probably this is due to
the coupling mate lal, The magnitudes of these first two peaks are similar
in magnitude to those measured on conductors in the steel conduit. The long
time IR voltage peak measured on conductors in wrought iron occurred at a
much shorter time (1200 psec) than for similar measurements made with steel
conduit (3500 psec). Since the resistivity of these two materials differs
only by a factor of 1.2, the measured difference in the IR crest time must
be due to the permeablility of the two materials, the wrought iron having a
permeability approximately one third that of steel for this current pulse
application. This comparison was made with both conduits in the saturated
condition. (Saturation is defined as that point in the application of cur-
rent pulse waves where no further increase in induced conductor-to-conduit
voltage 1is noted., For steel this was 20 applied waves; for wrought iron
this was 35 applied waves.)

Experiments have shown (see Appendix) that the peak conductor-to-
ground IR voltage is related to the time constant of the current diffusion
through the conduit wall thickness and the resistance of the conduit mate-
rial. For the case of the wrought iron and steel conduits used in this
experiment, the wall thicknesses were equal and the resistance varied only
by a factor of 1.2, Therefore, it appears that the 3 to 1 difference in
the voltage magnitude is also directly related to the 3 to 1 difference in
permeability.

The significance of the test data from both steel and wrought iron
tests in terms of application is that both conduit materials have considera-
ble shielding effectiveness when the conduit runs have properly-made tight
Joints,

The principal difference between the two types of materials is that the
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wrought iron exhibits a greater resistance to permeability change (i.e. sat-
uration) from exposure to magnetic fields, Literature deseribing wrought
iron states also that the permeablility of the material is leas affected by
working, handling, welding, etc. than that of steel., Since the application
Information for conduit 1s based on experimental data obtained from magneti-
cally saturated conditions, which is a worst case condition, differences in
unsaturated values of permeability for both wrought iron and ateel becéme
relatively unimportant.

4.12 Induced Voltages on Conductors in Two Inch Rigid Steel Conduit
Sectioned by a One Foot long Corrugated Flexible Steel Tubing

The purpose of this experiment was to evaluate the possible degradation
In shielding effectiveness which could occur by the insertion of a corrugated
flexible tubing in a two inch rigid steel conduit run. Application of such
short flexible tubing could occur at building and condult interfaces where
displacement between building and conduit may change over a period of years
or wherever vibration isolation is needed,

The test setup for this experiment was similar to that shown in Figure
3a. except that the one foot long flexible corrugated tubing was inserted
between two of the three 10 foot conduit lengths. All joints were made up
tight with threaded couplings. .

Three types of corrugated tubing (bellows) were tested; one made of car-
bon steel, one made of stainless steel (321 alloy), and one made of stainless
gieel armored with one layer of stainless steel wire braid., These are shown
in Figure 20.

The induced conductor voltage wave shapes are similar to those measured
without the corrugated tubing. These are shown in Figures 21, 22, and 23.
Comparing these with data in Table 12 on steel conduit having no bellows re-
sults in the comparison shown in Table 13.

The measured resistances of the 30 foot rigid steel conduit with and
without a one foot length of corrugated tubing using threaded joints was as

Y 1 N
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COMPARISON OF INDUCED CONDUCTOR VOLTAGES

(30 Feet of Two Inch Steel Conduit Containing
a One Foot Length of Corrugated Flexible Tubing
between Two 10 Foot Conduit Lengths - Threaded Joints)

Applied Peak Current Pulse - 1420 amps

First Peak Second Peak IR Peak
Amplitude Time Amplitude Time Amplitude Time

One Foot Stainless Steel Tubing, R = .01054 a

C-~-C 200 MY 0.5 us None None
C -G 17,5V 1l us None 22 MV 3500 ps
One Foot Stainlegs Steel Tubing with Braid, R = ,00335 A
c-¢C < 5 MV# 0.6 ps 3 MV 2.4 p8 None
cC-G 5.6 V 4 pne None 22 MV 3500 us
One Foot Carbon Steel Tubing, R = ,00305 a
C=-¢C 10 MV 0.7 us 6.5 MV 3.5 us None
C -G 350 MV 1.4 us 1400 MV 49 ps 22 MV 3500 us
Steel Conduit (No Corrugated Tubing)
c-¢C < 1.6 MV 0,5 us None None
C-G 54 MV 0.5 us None 13 MV 3500 us

# Eggentially noise level of measuring system
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follows:
Resistances of 30 foot rigid steel two inch electrical trade size
conduit, ‘

With no flexible section - 0.00182 ohm

With 321 stainless bellows -~ 0.0122 ohm

With 321 stainle“!’s bellows and braid armor -~ 0.00498 ohm

With carbon steel bellows - 0.0057 ohm

In previous discussion it was pointed out that the IR peak voltage was
a function of the time of the current diffusion through the conduit wall
and the resistance of the material, The time required for the current to
diffuse through the material is proportional to the thickness squared and
permeability and inversely proportional to resistance. From analysis of
the data in Table 13, it appears that the corrugated tubing had very little
effect on the IR peak magnitude or response time of the conduit, even though
the one foot of corrugated tubing causes considerable changes in the para-
meters just mentioned. A probable reason for this could be that the one
foot length of flexible tubing has its own response time and its IR peak
occurs at a much different time than that of the conduit., We can examine
what the diffusion time of the tubing might be on a proportional basis since
we know what the diffusion time for the conduit is for this particular wave
shape. FPFor example:
(2%,  (0.3%,  0.09

o = =

conduit p 8 p a P

TC
8

. 2 2
(z) Mog (0,060) Meg 0.0036 Kgq
o = =
ss conduit P P p
es as ss

(us and pg, are the relative permeability of steel and stainless
steel respectively.)

TC

Since p, and p g vary much less than 2 to 1 and we assume that pug for steel
13 -100 and pugg for stainleas steel is 1, then the ratio of the two diffusion
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times becomes

0.009 x 100
0.0036 x 1

The diffusion time for the conduit was measured at 3500 psec., Therefore,
the diffusion time for the stainless steel tubing can be estimated to be

2500

2500

1.4 psec

Referring back to Table 13, the measured induced voltage from the con-
duit run containing the stainless steel tubing indicated only a flux leakage
peak at 1 us and an IR peak at 3500 us. The caiculations indicate that the
IR peak of the tubing is so short it occurs at approximately the same time
as the flux leakage peak. Analyzing the magnitude of the first peak voltage
measured from the stainless steel and carbon steel bellows, the carbon steel
initial peak induced voltage was only 350 MV as compared with 17,5 volts for
the stainless steel bellows., The carbon steel first peak is truly a flux
leakage peak voltage since its IR peak occurs at 49 pseconds. Since there
should be very little difference in flux leakage induced voltage between the
stainless steel and carbon steel bellows, the high first peak voltage mea-
sured for the stainless stecl is mainly an IR voltage. This can be checked
by calculation since the current is known at the time of occurrence of the
first peak. The applied current (Figure 6) at approximately 1.2 pseconds
is 1420 amperes and the resistance of the stainless steel bellows measured
0.0122 ohm, resulting In a calculated IR voltage of 17.2 volts. This checks
the 17.5 volts measured and confirms that the Initial voltege measured is
proportional to the resistance of the non-magnetic bellows material and the
current through it.

The IR voltage for the carbon steel bellows occurring at 49 pseconds
can also be checked bty calculation, The applied current at 49 pseconds was
approximately 490 amperes. The resistance of ‘the carbon steel bellows mea-
sured 0.,00305 ohm. Therefore, the calculated IR voitage is 1.5 volis which
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approximates the 1.4 volts measured. Note the IR voltage of the conduit was
still present at 3500 useconds.

The initial conductor-to-conduit peak voltages measured from both stain-
less steel flexible tubings (with and without braid covering) were from 100
to 300 times higher than the induced voltage that was measured from flux
leakages in the conduit run with threaded joints and no flexible tubing. Use
of the carbon steel flexible corrugated tube in place of the stainless steel
tube reduced the conductor-to-conduit voltage by a factor of about 12, Com~
pared to rigid steel conduit with no flexible tube, the one foot carbon steel
flexible tube increased the conductor-to-conduit voltage about 25 times.

4.13 Induced Voltages on Conductors in Two Inch Flexible
Steel Conduit - Standard Grade and Sealtite(E

There may be situations which require the use of flexible conduit rather
than rigid steel conduit. Therefore, two types of flexible conduit measuring
25 feet in length were evaluated. One was standard grade flexible conduit,
the other was a flexible conduit commercially called Sealtite®, The main
difference between the two flexible conduits was the looseness or tightness
of the interlocking steel strip.

The test setup was again similar to that shown in Figure 3a. with
twisted pair wires within the flexible conduit.

The measured induced voltages from both flexible conduits are listed in
Table 14. The measured wave shapes are shown in Figures 24 and 25.

®Trademark of Anaconda Metal Hose Company




COMPARISCN OF INDUCED CONDUCTOR VOLTAGES CN CONDUCTORS
IN 25 FEET OF TWO INCH FLEXTBLE STEEL CONDUIT

(Standard and Sealtite®)
Applied Fesk Current Pulse - 1420 amps
First Peak Second Peak
Amplitude Time Amplitude Time

Standard

C~-¢C 3V 0.8 ps None

C -G 1450 0.6 us None
Sealtite®

¢ -C .6V 0.5 us Norne

C -G 68 Vv 0.6 ps 54 V 20 ps

The data significantly reveals the higher induced short time voliages
which oceur from these types of conduits. The gtandard flexible steel con-
duit, especially, acted as practically no shield at all, the induced voltage
being approximately 25,000 times higher than that from conductors in rigid
gsteel conduit. Because of the leaky c¢pen construction, no long-time voltage
irndicating flux diffusion through the metal wall was exhibited. The Seal-
tite? conduit, which is tightly wourd and has metal contimuously overlapped,
did exhibit a second IR peak at 20 pseconds. At 20 psecornds the current,
from the applied current wave shown in Figure 6, is approximately 930 amps.
The IR voltage at 20 pseconds is 930 amps times the resistance of the con-~
duit which measured 0.055 ctm, Therefore, the IR vcltage calculated to be
51 volts which checks the measured wvalue of 54 volts quite closely. The
conductor-to-grourd flux leakage peak induced voltage of Sealtite® condutt
was approximately 1250 times higher than tlat measured from conductors in
rigid steel conduit.
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4.14 Induced Voltages on Conductors within 30 Feet of Three~Phase
Aluminum Armored Power Cable Rated 15,000 Volts

The basic objective of this experiment was to determine the shielding
effectiveness of commercial type power cable. The cable construction is
shown in Figure 26. Note that the cable selected for test has two shields
as far as each conductor is concerned. One is the outer aluminum armor and
the other is the individual copper shielding tape wrapped over each conduc-
tor insulation,

The physical test setup was similar to that shown in Figure 3a. Tests
were made with the cable conductors, conductor shields, ground wires, and
armor connected in relation to each other in four basically different ways.
These are shown diagrammatically in the four sketches in Figure 27. To sim-
plify identification of parts, numbers were assigned to the various elements
of the cable as follows:

1, 2, 3 ~ phase conductors

4 - all neutral ground wires connected together
5, 6, 7 - phase conductor copper shielding tapes

8 - aluminum armor

For ease of presentation and analysis, the wave shapes and comparisons
in tables will be listed by test comnection. Figure 28 and Table 15 present
the data of induced voltages from Test Connection 1, Figures 29 through 33
and Table 15 present the data of induced voltages from Test Comnection 2.
Figures 34 through 36 and Table 15 present the data of induced voltages from
Test Connection 3. Figures 37 and 38 and Teble 15 present data of induced
voltages from Test Connection 4.

4.14.1 Significance of the Four Test Connections

The type of cable tested is normally used in indoor installations such
as central stations and substations, industrial plants, and gimilar locations.
Test Connection 4 has probably the most significance as far as usage is con-
cerned since the neutral ground wires, phase conductor shields, end outer
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Measurement
Points
L, -8
L -8
5-8
1-8
l-5
l1-2
4L -8
1 -8
l1-2
l1-8
l-2
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TABLE 15

INDUCED CONDUCTOR VOLTAGES ON CONDUCTORS
IN A 15 XV ALUMINUM ARMORED, 3-PHASE POWER CABLE

First Peak

Amplitude Time

Test Connection #1

9.0V 0.6 us

Test Connection #2

2.0V 0.7 us
9.0V 0.6 us
2.2V 0.5 us
12,0V 0.7 us
0.3, V 0.6 us

Test Connection #3

5.5V 0,7 us
4.8V 0.7 us
0.46 V 1.4 us

Tegt Commection #4

3.6V 0.7 us
0.46 V 1.4 us

.

It

9

Applied Peak Current Pulse - 1420 amps

Second Peak
Amplitude Time
12.0V PR TE:
12.0V 4e5 us
. 12,0V bed U8
None
15,0V 4.6 us
None
7.0V 4o us
6,6V 5.2 us
None
4.6V 3.9 us
None

e e M i ema - -—
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armor are all connected to ground. The results, however, would be termed
"worst case", since the load impedance usually found in actual service con-
ditions is T:CLTG or less than that of the measuring system impedance used.

The purpose of the four test connections was to allow determination of
the shielding effectiveness of both the outer armor and the phase conductor
shields with current flowing in 1) the armor only, 2) in both the armor and
the neutral wires, and 3) in the armor, neutral wires and the phase conduc-
tor shields as well,

4.14.2 Analysis of Cable Test Data

The first significant fact which is immediately apparent is that the
long-time IR induced voltage peak on the conductors in aluminum armor cable
occurs at about 5 pseconds which is a much shorter time than the 100 psec
exhibited by conductors in rigid aluminum conduit. (Aluminum conduit aute
is given later in the report under H-field tests.) Also the peak IR induced
voltage magnitude of the phase conductor is approximately 15 times higher
thari that on conductors in rigid aluminum conduit and approximately 300
times higher than conductor-to-conduit voltages induced on conductors in
rigid steel conduit,

In terms of induced conductor-to-conduit flux leakage voltages, the
aluminum armor cable allows about 30 times more flux penetration than does
threaded rigid aluminum conduit and about 90 times more than threaded rigid
steel conduit in much the same configuration. The conductor-to~conductor
flux leakage induced voltage for the aluminum armored cable was negligible
as was rigid aluminum and steel conduit. '

The difference in shielding effectiveness of the cable with the shields,
armor, and neutral wires carrying pulse current compared to the condition of
the armor only carrying current is shown in Table 16.
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TABLE 16

INDUCED CONDUCTOR VOLTAGE
Applied Peak Current Pulse - 1420 amps

Pulse Current Carried Pulse Current Carried by
by Armor and Shields Armor, Shields, and Neutral Wire
Measurement First Peak _Second Peak First Peak Second Peak
Points Ampl, Time Ampl, Time Ampl., Time Ampl. Time

As can be noted, the shielding effectiveness of the cable is improved
only 3 dB by also allowing the neutral wire to carry pulse current. There-
fore, it would make 1little difference from a pulse current point of view
vhether the neutral wires were connected at both ends of a conduit run or
not connected. In the case of steel armoring, the neutral wire may have
more gignificance because of the larger difference in resistance between
the steel armor and the copper shielding tape.

4.14.3 Variation in Cable Experiment

The armored power cable used in this experiment could, in service, be
mounted along metal bulkheads and walls, Therefore, the cable was reori-
ented in position as shown in Figure 39. The grounds were made from alumi-
num foil connected at three points to the aluminum ground plane floor of
the shielded room. Except for cable orientation, all oth:er conditions of
the experiment were the same, Measurements were made with the cable in
Test Connection 3, as given in Figure 27. The data comparing the induced
voltages for conditions of various ground connections is given in Table 17.

. Mk 4B

e e e e ————— = =
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TABLE 17

COMPARISON OF INDUCED CONDUCTOR VOLTAGES
FOR VARIOUS ARMOR SHEATH GROUND CONNECTIONS
Applied Peak Current Pulse - 1420 amps

Test Connection #3
First Pesk Second Peak

Conductor Ground
Connection Amplitude Time Amplitude Time Connection
4L -8 2.2V 0.8 ps 10.6 V 3.2 ps 1
9.0V 0.9 us 9.8V 2.9 us 1 and 2
8.0V 0.8 us 8.6V 1.2 us 1, 2, 3
7.6V 0.7 us 8.4V 1.2 us 1 and 3
1-38 8.2V 0.9 us 2.2V 3.7 ps 1
g8.0vVv 0.9 us 8.4 V 3.3 us 1 and 2
7.2V 0.9 us 7.4V 1.2 us 1, 2, 3
7.0V 0.9 us 7.2V 1.2 us 1l and 3
l1-2 34V 1.4 us None 1
WAV 1.1 us None 1l and 2
36V 1,2 us None 1, 2, 3
34V 1.3 us . None 1l and 3

As can be noted by comparing Tables 16 and 17, placing 20 feet of cable
four inches from the floor in the manner shown in Figure 13 has degraded the
conductor-to-conduit shielding effectiveness of the cable by about 4.5 dB.
This is no doubt due to the more non-uniform peripheral current distribution
which occurs both at the bend in the cable armor and along the surface of
the armor spaced four inches from the ground plane. The conductor-to-
conductor induced voltages, as would be expected, were not affected by the
change in cable location.

The affect of the additional ground connections was to divert the cur-
rent flowing in the armor to ground at points along the cable, In an actual

o MBnis e . ——
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installation engulfed by an H-field, these multiple grounds would serve to
shorten conductor loops w...ch could in effect limit the current and induced
voltages developed in these loops,

5.0 H-FIELD TESTS

The current which will flow on a condult system in an NEMP environment
will be an induced current resulting from the changing H-field flux linking
the conduit. In the injected current tests only an injected current flow
on the conduit was considered and the condult was not simultaneously engulfed
by a changing magnetic field, To determine whether “he injected current
tests have simmlation validity, a series of tests were made which allowed
measurement of the induced voltages on conductors within conduit when the
conduit was both carrying pulse current and engulfed by a varying H-field.

The general test setup showing the radiating loop and the conduit loop
was shown in Figure 4. Current measurements in both the radiating and con-
duit loops were measured with a 0,03664 ohm shunt., For monitoring the cur-
rent while making induced voltage measurements on conductors within the con-
duit, a toroidal current transformer which clamped around the conduit was
used,

The measurement system was the same as that used for the injected cur-
rent tests. The current wave shape applied to the radiating loop was simi-
lar to that applied in the injected current tests. The induced current wave
shape as measured from the conduit loop was similar to the applied current
wave shape. Figure 40 shows the comparison of wave shapes of the upplied
radiator current measured with both the current shunt and the transducer and
the conduilt loop induced current measured with the current transducer only.
Note the similarity of the applied and induced wave shape.

5,1 H-~Field Measurements

It was recognized that the H-fleld generated by the radiating loop and
surrounding the conduit loop would be a function of the magnitude of the
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induced current in the conduit loop as well as the current being injected in
the radiating loop. The intensity of this field near the conduit is of in-
terest since the conduit traverses this field. Therefore, the H-field sur~
rounding the conduit loop was measured for two conditions, 1) with the con~
duit loop carrying an induced current which will be used in all tests and

2) the conduit loop open and carrying no current at all. The H-field plots
were made with the probe shown in Figure 5. Figure 41 gilves the H-fleld
intensitlies with the conduit loop open and with a pulse current of 1755
amperes applied to the radiating loop. Figure 42 shows the H-field inten-
sities with induced current flowing in the conduit loop. Analyzing these
plots, two things are immediately apparent, One, the H-field within the
conduit loop in the vicinity of the ground plane undergoes a considerable
change both in magnitude and polarity when the conduit loop has current in-
duced in it and two, because of transformer action, the shorted conduit

loop loads the current generating circuit resulting in a lower current crest
of 1690 amperes., The 1690 amperes flowing in the radiating loop resulted in
490 amperes induced in the conduit loop.

5.2 Conductor-to-Conduit Induced Voltages Measured in
Conduit Loop Systems Carrying Induced Currents

Many of the conduit systems tested by current injection such as those
containing 90° elbows, condulets, and couplings as well as conduit systems
of other sizes and materials were tested by the H-field method. Because of
the disparity in H-fleld intensity surrounding the top and bottom lengths
of the conduit loop, the conductor within the conduit loop was electrically
connected to the conduit in the upper corner opposite the conduit loop
ground connection., This in effect resulted in two L-shaped conduit sections
carrying the same current but traversing different H-field intensities.

Using this same conduit and conductor configuration, the following was
evaluated:
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induced current in the conduit loop as well as the current being injected in
the radiating loop. The intensity of this field near the conduit is of in-
terest since the conduit traverses this field. Therefore, the H-field sur~
rounding the conduit loop was measured for two conditions, 1) with the con-
duit loop carrying an induced current which will be used in all tests and

2) the conduit loop open and carrying no current at all., The H-field plots
were made with the probe shown in Figure 5. Figure 41 gives the H-field
Intensities with the conduit loop open and with a pulse current of 1755
amperes applied to the radiating loop. Figure 42 shows the H~field inten-
sities with induced current flowing in the condult loop. Analyzing these
plots, two things are immediately apparent. One, the H-field within the
condult loop in the vicinity of the ground plane undergoes a considerable
change both in magnitude and polarity when the conduit loop has current in-
duced in it and two, because of trangformer action, the shorted conduit
loop loads the current generating circuit resulting in a lower current crest
of 1690 amperes. The 1690 amperes flowing in the radiating loop resulted in :
490 amperes induced in the conduit loop.

5.2 Conductor-to-Conduit Induced Voltages Measured in
Conduit Loop Systems Carrying Induced Currents

Many of the conduit systems tested by current injection such as those
containing 90° elbows, condulets, and couplings as well as conduit systems
of other sizes and materials were tested by the H-field method. Because of
the disperity in H-fleld intensity surrounding the top and bottom lengths
of the conduit loop, the conductor within the conduit loop was electrically
connected to the conduit in the upper corner opposite the conduit loop
ground connection. This Iin effect resulted in two L-shaped conduit sections
carrying the same current but traversing different H-field intensities.

Using this same conduit and conductor configuration, the following was
evaluated:
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Traversing the smaller H-field
1. 2 inch rigid steel conduit - one 90° elbow
2. 1 inch rigid steel conduit - one 90° elbow
3. 1 inch steel thin wall - one 90° elbow
4. 2 inch aluminum conduit ~ one 90° elbow
5. 2 inch rigid steel conduit - one condulet
Traversing the larger H-field
1. 2 inch rigid steel conduit - two 90° elbows
2. 1 inch rigid steel conduit - two 90° elbows
3. 1 inch steel thin wall - two 90° elbows
4. 2 inch aluminum conduit - two 90° elbows
5. 2 inch rigid steel conduit - two condulets
The wave shapes resulting from each of these tests are shown in Figures
43, 44, 45, and 46. The pertinent data is tabulated in Table 18,

TABLE 18

CQMPARISON OF INDUCED CONDUCTOR TO CONDUIT INDUCED VOLTAGES FRQM
TOP AND BOTTQM OF A CONDUIT LOOP HAVING VARIED CONSTRUCTIONAL HARIWARE

Conductor-to~Conduit Voltages

Conductor Steel Conduit Al Conduit
Measured 2" Condulets 2" Elbows 1" Elbows 1" Thin Wall 2" Elbows
First Peak
Top~to-Conduit 44 MV 240 MV 160 MV 125 MV 125 MV
Bottom~to-Conduit 88 MV 105 MV 110 MV 110 MV 60 MV
IR Peak
Top~to~Conduit 2.8 MV 3.5 MV 5 MV 135 MV 105 MV
Bottom-to-Conduit 3.6 MV 3.8 MV 6.5 MV 135 MV 145 MV

Note: Top conduit traverses larger H-field.

) W
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While it is difficult to make direct comparisons between the top and bot- *
tom conduit systems (the top conduit system consisted of 11 threaded joints
and two 90° devices, either condulets or elbows; the bottom conduit system
contained 10 threaded joints and one 90° device, either condulet or elbow),
some interesting observations can be made. First, the top half conduit sys-
tem had the higher induced flux leakage voltage. This is to be expected,
since the H-field surrounding the top half conduit was higher. (The top
half conduit experienced an H-field approaching 500 amperes/meter.) Secondly,
the magnitude of the induced flux leakage voltages measured in both halves
are somewhat higher for the induced current tests than they were for the in-
jected current tests., (The conduit system with condulets was the only excep-
tion,) For example, from Section 4.6, Table 6, an injected current of 1755
amperes on a two inch rigid steel conduit system containing one elbow pro-
duced a conductor-to-conduit induced voltage of 60 MV, At 490 amperes in-
Jjected, the induced voltage would have been approximately 17 MV which is
considerably less than the induced voltages measured and given in Table 18. !

When comparing the IR peak induced voltages resulting from the induced
current and injected current tests, the reverse is true. The Injected cur-
rent tests gave the higher IR induced voltages. This is probably due to the
current reversal of the induced current on the conduit resulting in a vary-
ing saturation of the steel conduit.

From a conduit system design standpoint, "worst case" design for the
overall conduit system can be obtained by using the injected current test
results since extrapolation of the data to longer lengths invelving the IR
induced voltages will be a controlling factor in the design.

6.0 SUMMARY

1. Conduits exposed to a pulsed H-fleld environment will result in induced
currents flowing on the conduits. These currents produce a magnetic
field in addition to the driving H-field which can couple electrical
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wiring within the conduit. The magnetic flux which couples the electri-
cal wiring causes transient voltages to be induced on the wiring.
The H-field induced conduit current and the resultant induced voltages
on electrical wiring within the conduit can be simulated by injecting a
current pulse of similar wave shape directly on the conduit.
The wave shapes of the induced conductor-to-conduit voltages on wiring
resultirg from the simulated pulse currents applied show an initial peak
cresting at the time of the maximum di/dt of the applied current wave
ard a second peak cresting long after the current wave has reached zero.
The first peak is the result of flux leakages at joints, bends, or other
openings; the second peak is related to the rate of current diffusion
through the conduit wall, Wave shapes of induced voltages between a
pair of conductors do not show the presence of the second peak.

Both first peak and second peak magnitudes, for design purposes,
will scale linearly with pulse current amplitude.
The rate of current diffusion through the conduit wall is a function of
the conduit wall thickness, relative permeability, and resistivity:

2
Diffusion Time e< ()2 vr
p

This infers that the best snielding against NEMP can be achieved by use
cof corduit having a high permeability, a large wall thickness, and a low
resistivity, This assumes, of course, that the conduit system has pro-
perly made tight joints.,

A two inch rigid steel conduit system with tightly made, clean, threaded
Joints and cortaining no condulets will provide at least 60 dB of shield-
ing for the electrical wiring within it. Welded joints can improve the
shielding effectiveness of the conduit by about 8 4B,

The use cf conrdulets in a two inch rigid steel conduit system can degrade

the shizldirg effectiveness by 20 dB.
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Openings such as condulet covers removed or very loose threaded Joints :
can degrade the shielding effectiveness of a two inch rigid steel con~
duit system by 40 dB,

The use of a one inch rigid steel conduit for protection of electrical
wiring againgt NEMP increases the IR induced voltage by a factor of 2
over that resulting from wiring in a two inch rigid steel conduit system.
In terms cf the voltege induced between conductors in electrical cir-
cuitry due to pulse currert on the conduit, twisted pair wiring has a

5:1 advantage over parallel pair wiring,

From an NEMP point of view, wrought iron conduit has no advantage over
rigid steel conduit and either type is suitable for shielding open
wiring.

The use of a short section of flexible bellows at building entrances or
other locations requiring flexibility would not seriously degrade the
shielding effectiveness of a long steel conduit run. Caution should be
exercised in their use for wiring from circuits which are extremely !
critical.

The use of standard grade flexible steel conduit is not recommended for
use, since it provides practically no shielding. Sealti‘be'® flexible con-
duit, while providing greater shielding than the standard grade, is also
not recommended for general use, Application information for using this
material with power circuits within buildings is being developed.
Aluminum or steel armored power cable should only be used within build-
ings or rooms.
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¢. Two 90° bend conduit setup (three 10 foot lengths and two 90° elbows)
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Various Conduit Test Configurations
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FIGURE 7 L-Shaped Conduit Test Configuraticn




v SRR Jactl udes N

- b -

"

g gl il
TR
a
L)
ekl w1 [

;
. i
H w
I

0.05 V/DIV 1000 ua/DIT 0,05 V/DIV

FIGUARY 8 Yave Shape of Induced Conductor-to-Conduit Voltages
Showing wffeet of Conductor Location.

Applied Pulse Current - 1755 amperes




Induced voltage measured during application
of 20th negative polarity wave

0.05 V/pDIV 1000 1s/DIV

Induced voltage measured during application
of flrat positive polarity wave after the
20th negative polarity wave

Induced voltage measured durlng application
of third positive polarity wave

..‘-‘nulum
N

Induced voltage measured during application
of tenth positive polarity wave

Indus-d voliage measured during applicetion
of z(iti: positive polarity wave

0.05 V/DIV LR us/DIV

Induced voltage measured during epplication
of 50th positive polarity wave

0.05 V/DIV Lo ws, DIV

sapes of Conductor-to-Conduit Induced:
Showing Effect of Condult Saturstion.
i Pilde Current - 1755 mmperes :

anae



e VLN ITRYAVIN'S

PUEETRYIINY

TR AR LU0G s/ DLV

VDIV

0.2 V/DIV

10 pa/pIv 0.1 V/DIV 10 ws/DIV

0,05 V/DIV 1 ue/DIV 0,01 ¥/bIV 1000 us/DIV
FIGURE 10 Wave chapes of Conductor=to-Condult Induced Voltagesd Showing E0fects or
Terminntlng Impedancc, Applicd Pulse Current - X705 aaperos




- 45 -

I I
[ )]
Tl i
Am
Bl
;
I ;
=
JN
5
= _
. BN
WD R
: s
" P8R
- = puf frmgerg
— : . i 151 1
“ ] :
T T [ §
T BE& % Har
1 Y 1
i it
1 T ¥ 1 {3 : ]
T i |
B 1T I ——t
b B | :
[ 3 Ll
T d
- FH i
M! : : - = -
&8 - T u
] P O H
j
1 ! T
. 3
i
BUSEL ER TM
i Iy -
L [t 1 BE - HIT
= i
i} Y
o + o
! § It PO
= )
n ;
:
:
1
i
Ny _
e —NERREE LB !
I. r.
:
T
Il h
! AN | I i t i
1 T —+ r

4“.1“]




T ——

- 4Hh -

sdme ¢¢.T - UaLIng 3sTng poriTddy “sJojonpuos JTed ToTITeIed puB Jled
pPe1sIMI UO SadBlT0p PIONPUI IO1ONPUCT-01~I010NDUC) Jo £2dBUS SABMN

. ATIG/SsT 000T AIG/A S0°0  ATQ/s" 000T

2T FIuNDId

= AIG/A 600

ITed potsTAL

T e -



B .
~ 47 -
1. All Condulet Covers in FPlace Red~to £
0.2 V/DIV L ps/DIV 0,2 VIV 1 ps/OIV

1 us/DIV

1 V/DIV

1 V/pIv 1 ps/DIV

3, lleasuresment End Condulei Cover Qff

1 V/DIV 1 us/DIV

1 V/DIv 1 us/DIV

4, Corner Condulet Cover Off

10 V/DIV 1 pa/DIV

5. CGCorner and Measurement End Condulet Cover Off

oo
;.Hi-{»hn[rmq#—ﬁi» .
| 1 &

5 V/DIV 1 us/DIV

FIGURE 13 Wave Jhape of Induced Conductor-to-Conduit Voltage. ‘hovlng 1 of
Openings in the Condult System, Applicd Pa'an Cuprcat - 1755 amperes

5 V/01v 1 us/DIV




saJadme ¢G.LT ~ uaaang ostngd paiTddy  SMOQIE o006 Pue s3urTdnol

- 48 -

Jo 1933J3 Bulmoug 52381T0A 3TNPUOY-03-I010NPUO) PIINPUI JO SadBUS OABM 71 FUNoId

ATa/sY 0001 ATIa/A S0°0

ATd/s 0T ATA/A $0°0

ATQ/sT T AIG/A 6070

SROQTd o06 OAL DU€ SSUIIQnoD 9

ATg/s1 0OOT ATG/A $0°0

~

ATa/sn © i ' AIG/A $0°0

FOQIA o06 9UQ PUB SJUITATOD &

Aza/st 000T AIQ/A £0°0

ATQ/5T OT ATG/A 50°0

Ata/sn ) - AIG/A §0°0

b




JuTep 2s007 KI9p B JO 109377 Su

THMOUS wWalsks 1INpuo)
Uoul om] ul sadeiTop 1INPUOH~01~I0LOTIPUOY) POoT

npur Jo sadeuc eaep €T TUNHII

AIQ/sT 01 AIQ/A OT AIG/sT o1 AIQ/A 5C°C

1

- 49 -

ATQ/sn T : AT/ A OT AId/ed T

. (syuzop euo07)

(squror udry) -































































































































	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95
	96
	97
	98
	99
	100
	101
	102

